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Abstract. Tête Rousse is a small polythermal glacier located
in the Mont Blanc area (French Alps) at an altitude of 3100 to
3300 m. In 1892, an outburst flood from this glacier released
about 200 000 m3 of water mixed with ice, causing much
damage. A new accumulation of melt water in the glacier
was not excluded. The uncertainty related to such glacier
conditions initiated an extensive geophysical study for eval-
uating the hazard. Using three-dimensional surface nuclear
magnetic resonance imaging (3-D-SNMR), we showed that
the temperate part of the Tête Rousse glacier contains two
separate water-filled caverns (central and upper caverns). In
2009, the central cavern contained about 55 000 m3 of water.
Since 2010, the cavern is drained every year. We monitored
the changes caused by this pumping in the water distribution
within the glacier body. Twice a year, we carried out mag-
netic resonance imaging of the entire glacier and estimated
the volume of water accumulated in the central cavern. Our
results show changes in cavern geometry and recharge rate:
in two years, the central cavern lost about 73 % of its initial
volume, but 65 % was lost in one year after the first pump-
ing. We also observed that, after being drained, the cavern
was recharged at an average rate of 20 to 25 m3 d−1 dur-
ing the winter months and 120 to 180 m3 d−1 in summer.
These observations illustrate how ice, water and air may refill
englacial volume being emptied by artificial draining. Com-
parison of the 3-D-SNMR results with those obtained by
drilling and pumping showed a very good correspondence,
confirming the high reliability of 3-D-SNMR imaging.
1 Introduction
Water circulation in a glacier is an important factor that deter-
mines ice dynamics, runoff characteristics, and water quality.
The recent, growing, concern over the response of glaciers
to future-climate scenarios necessitates understanding of the
hydrological processes in ice. A significant proportion of
glaciers have a polythermal regime, where ice masses are
composed of temperate ice (at the pressure-melting point)
and cold ice (Irvine-Fynn et al., 2011). In a polythermal
glacier, the coexistence of temperate and cold ice increases
the potential for water storage within the glacier’s drainage
system. Observations at Austre Brøggerbreen in 1998 and
2000 showed that a water volume of approximately 8000 m3
was retained in a single englacial channel (Irvine-Fynn et al.,
2011). At Hansbreen, the annual water volumes in englacial
conduits were estimated to be about 1.3× 106 m3 (Benn
et al., 2009). However, the total volume of accumulated
water will depend upon channel density and dimensions,
glacier size, and the rate at which summer-season outflow
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is curtailed. Water trapped within a glacier can lead to ex-
treme discharge events (Haeberli, 1983; Jansson et al., 2003).
In densely populated mountain areas, glaciers may affect a
number of hazard-relevant issues, such as abrupt floods (Hae-
berli et al., 1989) or slope instability (Fischer et al., 2005). A
better understanding of the hydrological processes in poly-
thermal glaciers and the design of suitable protection mea-
sures against new hazards requires regular observations and
detailed knowledge of the internal glacier structure, which
can be obtained using surface geophysical methods.
In recent years, ground-penetrating radar (GPR) has
been increasingly used for the detection of subglacial and
englacial environments (Irvine-Fynn et al., 2006; Bælum
and Benn, 2011). Using calibrations and additional temper-
ature data, GPR helped estimate the water content in the ice
(Hamran et al., 1996; Macheret and Glazovsky, 2000), and
more recent GPR research examined temporal changes in
glaciers and investigation of 2-D and 3-D structures (Gras-
mueck et al., 2004; Gross et al., 2004). Study of ice prop-
erties by combining surface and borehole radar measure-
ments improves the accuracy of the results (Murray et al.,
2000). Other non-invasive methods, such as seismic tech-
niques (Lanz et al., 1998; Musil et al., 2002; Maurer and
Hauck, 2007), frequency- and time-domain electromagnetic
methods (FDEM and TDEM, respectively) (Hoekstra, 1978;
Hauck et al., 2001) and electrical resistivity tomography
(ERT) (Hauck and Vonder Mühll, 2003; Marescot et al.,
2003; Kneisel, 2004) provide both redundant and comple-
mentary information about glacier features. Joint interpreta-
tion of data obtained with different methods provides more
reliable and accurate results (Endres et al., 2009; Kim et al.,
2010; Merz et al., 2012). However, variations in the physical
parameters of the investigated formations observed by these
traditional geophysical methods do not allow a unique inter-
pretation in terms of water presence, and hence an estimate
of the water volume accumulated in a glacier body can only
be qualitative.
In this paper, we report our results of using the surface
nuclear magnetic resonance method (SNMR), also known as
the magnetic resonance sounding (MRS), for investigating
hydrological processes in a glacier. SNMR is an emerging
geophysical technique, specifically developed for hydrogeo-
logical investigations (Legchenko and Valla, 2002; Hertrich,
2008; Knight et al., 2012). Selective sensitivity to groundwa-
ter is the main advantage of SNMR in comparison with other
geophysical tools, and the magnetic resonance phenomenon
can also be used for investigating brine and water inclusions
in ice (Callaghan et al., 1999). Note that cold ice with negli-
gible interstitial water does not produce an SNMR response
and will be interpreted as a dry material. However, temperate
ice may contain liquid water and SNMR can quantify this
water content. In its 2-D and 3-D implementation, SNMR
was reported to be an efficient method for investigating sub-
glacial formations (Lehmann-Horn et al., 2011) and for lo-
cating water-filled caverns and channels in a karst environ-
ment (Vouillamoz et al., 2003; Boucher et al., 2006; Girard
et al., 2007; Legchenko et al., 2008). For 2-D and 3-D inves-
tigations, SNMR can be used with separate transmitting (Tx)
and receiving (Rx) loops (Hertrich et al., 2009), or with a co-
incident Tx/Rx loop (Legchenko et al., 2011). We have stud-
ied the Tête Rousse glacier located in the Mont Blanc area
(French Alps) using the latter configuration as being better
adapted to high mountain conditions.
2 The 3-D-SNMR method
The SNMR field setup consists of a wire loop laid out on
the surface, usually in a square with sides between 40 and
150 m. The loop is then energized by a pulse of alternat-
ing current i(t)= I0 cos(ω0t). The current frequency is set
equal to the Larmor frequency of the protons ω0 in the geo-
magnetic field B0(ω0 = γB0 with γ being the gyromagnetic
ratio). The pulse causes precession around the geomagnetic
field of the spin magnetization of the protons in groundwa-
ter, which creates an alternating magnetic field that can be
detected by the same loop after the pulse is terminated (the
free-induction decay method). Oscillating at the Larmor fre-
quency, the SNMR signal is measured by varying the pulse
moment q = I0τ , with I0 and τ being the amplitude and du-
ration of the pulse, respectively. The distribution of the water
content in the subsurface can be derived from inversion of
the SNMR signal.
The signal induced in the coincident transmit-
ting/receiving (Tx/Rx) loop is proportional to the sum
of the flux of all precessing magnetic moments and can be
computed with the volume integral (Valla and Legchenko,
2002):
e0(q)= I−10 ω0
∫
V
B1M⊥w(r)dV, (1)
where M⊥ = sin(γB1 I−10 q/2) is the transverse component
of spin magnetization, γ is the gyromagnetic ratio, B1 is
transmitted by the surface-loop magnetic-field component
perpendicular to the geomagnetic field, I0 is the current am-
plitude in the loop, q is the pulse moment, ω0 is the Larmor
frequency for protons in the geomagnetic field, 0≤ w(r)≤ 1
is the water content, and r = r(x,y,z) is the coordinate vec-
tor.
The 3-D field setup is composed of overlapped measur-
ing loops covering the area investigated with SNMR. The
SNMR signal is independently measured in each receiving
loop while varying the pulse moment in the transmitting
loop. All individual soundings are incorporated into one data
set for the 3-D inversion (Legchenko et al., 2011). For the in-
version, the linear Eq. (1) is approximated by a matrix equa-
tion
Aw = e, (2)
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where A= [a˜i,j ] is a rectangular matrix with the elements
representing the amplitude of the magnetic-resonance signal
generated by water in corresponding cells. The experimen-
tal data set is e= (e˜1, e˜2, ..., e˜i, e˜l)T , the water content in the
corresponding cell is w= (w1,w2, ...,wj , ...,wJ )T , and the
symbol T denotes the transposition. For simplicity, we as-
sume that cell size is constant throughout the investigated
volume.
For analyzing the resolution of matrix Eq. (2) we use the
singular value decomposition, or SVD (Aster et al., 2005).
For that, the matrix A is presented as
A = USVT , (3)
where U is an I × I orthogonal matrix representing the data
space, V is an J × J orthogonal matrix representing the
model space, and S is an I × J diagonal matrix with non-
negative diagonal elements called singular values. The sin-
gular values of S are arranged in decreasing magnitude. The
first p values are nonzero and others may be zero. Very
small singular values represent numerical instabilities, which
is why we consider only significant singular values and par-
tition S as
S =
[
Sp 0
0 0
]
, (4)
where Sp is a p × p diagonal matrix composed of the sig-
nificant singular values. Thus, we can write a reduced-rank
approximation as
A = Up Sp VTp . (5)
The matrix Up forms an orthonormal basis for the data space
and the matrix Vp for the model space.
The resolution of the inversion can be estimated using the
model resolution matrix Rm, which is a symmetric matrix
describing how the inversion represents the original model
and can be computed as
Rm = Vp VTp . (6)
If rank(A) =p= J , then the model will be perfectly recov-
ered by the inversion. If p = J , then the resolution will not
be perfect.
The uncertainty of the inversion can be estimated assum-
ing independent and identically distributed normal data er-
rors σ 2. For the inversion result w, we define the 95 % confi-
dence intervals as
1
σ
√
2pi
1.96σ∫
−1.96σ
exp
(
− w
2
2σ 2
)
dw ≈ 0.95. (7)
Then we use the covariance for the model
Cov(wL2) = σ 2 Vp S−2p VTp . (8)
Fig. 1. Location of the Tête Rousse glacier.
The 95 % confidence intervals w0.95 for a model parameter
having a normal distribution around the mean wL2 is given
as
w = wL2 ± w0.95, (9)
where
w0.95 = 1.96 ×
√
diag
(
Cov(wL2)
)
. (10)
Inversion of the 3-D-SNMR data is ill-posed. Different meth-
ods for resolving ill-conditioned inverse problems can be
found in the literature (e.g., Tarantola, 1987). For our study,
the inversion was conducted according to Tikhonov’s reg-
ularization method (Tikhonov and Arsenin, 1977). To find
an approximate solution to the matrix Eq. (2), this method
supposes minimization of Tikhonov’s functional (Legchenko
and Shushakov, 1998):
T F(η) =‖ Aw - e ‖L2 +Sx,y,z = min, (11)
where Sx,y,z = ηx ×
(
∂
∂x
w
)2+ηy ×( ∂∂y w)2+ηz×( ∂∂zw)2
is an estimate of the smoothness of the solution and
ηx,ηy,ηz > 0 are the smoothing factors in each direction.
For the optimization itself, we used the conjugate gradient
method (Stoer and Bulirsch, 1980).
3 Investigated area
The area investigated with 3-D-SNMR is located in the
French Alps (Fig. 1). Tête Rousse is a small glacier, whose
surface area in 2007 was about 0.08 km2 (Fig. 2). A tem-
perate accumulation area and a predominantly cold ablation
area characterize its thermal regime. Reported results of nu-
merical simulations of snow cover and englacial tempera-
tures confirmed by the temperature measurements in bore-
holes show that the glacier was almost entirely cold before
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Fig. 2. Aerial photo of the Tête Rousse glacier with an approxi-
mate projection of the SNMR measuring loops (black squares) and
water-filled cavern detected in 2009 (in the Lambert-II co-ordinate
system). Additional SNMR loops used in 2012 are shown as red
squares. Isoclines show the elevation of the glacier surface in 2009.
1870, but then gradually warmed up until 1920 (Gilbert et
al., 2012). In that year, the glacier was almost entirely tem-
perate except for its central deeper part that remained cold.
Between 1920 and 1950, the glacier started freezing again,
but the temperate part remained large. Nowadays, except for
the first ten meters close to the surface and influenced by sea-
sonal temperature variations, the glacier consists of temper-
ate and cold ice. In its western part, below 3160 m elevation,
the glacier body is composed of cold ice with a temperature
below −2 ◦C. Above 3180 m, the basal ice is temperate or
near temperate in the first 10 to 20 m above bedrock. In the
central part, between 3160 and 3180 m, the ice is temperate
from approximately 30 m below the glacier surface down to
bedrock (Vincent et al., 2012a).
Both topology and thermal regime are favorable for water
accumulation in the Tête Rousse glacier. In 1892, the out-
burst flood from this glacier released about 200 000 m3 of
water mixed with ice and caused much damage (Vallot and
Delebecque, 1892; Mougin and Bernard, 1905). Between
the catastrophe and 1904, three drainage tunnels were con-
structed for preventing water accumulation in the glacier.
One of the tunnels was maintained until 2009, though no
water was drained through this tunnel over the last 106 yr.
The uncertainty relative to the glacier conditions initiated an
extensive glaciological study aiming at evaluating the haz-
ard. In 2007, mapping of the glacier with ground-penetrating
radar (GPR) revealed an anomaly that was interpreted as
a possible accumulation of water (Vincent at al., 2010).
This result initiated a 3-D-SNMR survey in September 2009
that discovered a large water-filled cavern containing about
55 000 m3 of water (Vincent et al., 2012b). The 3-D-SNMR
data were interpreted alone, though using additional infor-
mation on the glacier thickness derived from GPR results.
The SNMR results guided a drilling program of more than
20 boreholes, which confirmed the existence of a water-filled
cavern and allowed defining the cavern size and location.
Drainage of the cavern revealed a water volume of approx-
imately 48 000 m3. This cavern was also investigated with
borehole sonar, but its complex shape disturbed the sonar
measurements and it was not possible to obtain an entire 3-D
model of the cavern. The volume of 24 500 m3 obtained from
sonar was less than the 55 000 m3 estimated with the SNMR
method and 48 000 m3 confirmed by pumping.
Whatever the mechanism of water penetration into the
glacier, this water reached the bottom and was trapped by the
thermal barrier formed by cold basal ice. Today, about 3000
people are exposed to the Tête Rousse hazard and the wa-
ter in the cavity has therefore been pumped every fall since
2010. For monitoring the water accumulation, we used reg-
ular 3-D-SNMR surveys. GPR and sonar data were found
to be less efficient for monitoring and we did not use these
methods for water-volume estimates.
4 Numerical results
During our study, we used half-overlapping square loops
(80× 80 m2) that covered most of the glacier (Fig. 2).
Investigation depth with this loop was about 80 m. For
investigating the resolution of the inverse problem we
discretized the subsurface into equal cells with sizes of
20 m× 20 m× 5 m and 40 m× 40 m× 10 m. The resolu-
tion matrix Rm for these two cell sizes is shown in
Fig. 3, which shows that the main diagonal of the resolu-
tion matrix clearly dominates in both cases. For the dis-
cretization with cells of 20 m× 20 m× 5 m we obtained
rank(Rm)/J = 0.86, and using cells of 40 m× 40 m× 10 m
we obtained rank(Rm)/J = 0.9. Hence, when Rm≈ I we ob-
tain a good theoretical resolution for both cell sizes. How-
ever, assuming a 1 nV noise we can estimate the resolution
for a more realistic case. For that, we computed the 95 %
confidence intervals using Eq. (10). Figure 4 shows the 95 %
confidence intervals for each cell; when using discretization
with 20 m× 20 m× 5 m cells we obtained large 95 % confi-
dence intervals, indicating a poor resolution. Inversion with
40 m× 40 m× 10 m cells will give a better resolution. Thus
we estimated the resolution of 3-D-SNMR inversion to be
not better than the 40 m× 40 m× 10 m target size. Smaller
targets cannot be accurately resolved. Note that resolution
also depends on the noise level.
When water drains through a glacier, it may accumu-
late not only in large caverns but also in small volumes
that cannot be resolved by 3-D-SNMR inversion. Let us
see how the sensitivity of the method is distributed within
the area investigated with one SNMR loop. For this, we
computed the amplitude of the signal generated by one
20 m× 20 m× 5 m cell for different cell positions (Fig. 5).
Figure 5a shows a horizontal slice corresponding to a depth
of 20 m (top of the cell at 20 m) below the loop, which
is shown by a black dashed line. The white-line square
corresponds to a 40 m× 40 m× 10 m cell and the numbers
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Fig. 3. The model resolution matrix Rm computed considering the
discretization of the matrix A: (a) cells of 40 m× 40 m× 10 m; (b)
cells of 20 m× 20 m× 5 m.
Fig. 4. The 95 % confidence intervals computed considering the
discretization of the matrix A: (a) cells of 40 m× 40 m× 10 m;
(b) cells of 20 m× 20 m× 5 m.
show four 20 m× 20 m× 5 m cells. Figure 5b shows a cross-
section corresponding to profile A–B in Fig. 5a: depending
on the location within the loop area, the same volume of wa-
ter may generate four different amplitudes. This heteroge-
neous and asymmetric sensitivity of the SNMR loop is due
to the inclination of the geomagnetic field and to the ellipti-
cal polarization of the loop’s magnetic field (Weichmann et
al., 2000; Girard et al., 2007; Hertrich, 2008). Thus, model-
ing results show that small targets cannot be resolved with
3-D-SNMR inversion and consequently small water volumes
cannot be accurately measured with one SNMR loop. How-
ever, if we use a 3-D field setup consisting of several overlap-
ping loops, then areas with a different sensitivity for different
loops will overlap and the overall sensitivity within the 3-D
setup will be much more homogeneous.
Water within a glacier occurs in caverns and fractures of
different size and location. Each small reservoir has 100 %
of the water content, but as they are located in ice the wa-
ter content averaged over the volume that can be resolved
by 3-D-SNMR inversion may be less than 100 %. For ex-
ample, if an ice volume of 40 m× 40 m× 10 m contains a
20 m× 20 m× 5 m water-filled cavern, the water content es-
Fig. 5. 3-D sensibility of the SNMR loop computed for
20 m× 20 m× 10 m cells: (a) the amplitude of SNMR signal as a
function of the cell location within the loop-affected area computed
for the depth of 20 m; (b) the amplitude of SNMR signal as a func-
tion of the cell location shown as a cross-section along profile A–B.
The SNMR loop is shown with a dashed black line and cell size is
shown with a white line. Four cells of 20 m× 20 m× 5 m are shown
by numbers 1 to 4 within one 40 m× 40 m× 10 m cell.
timated with 3-D-SNMR in the ice volume will be 12.5 %
instead of 100 % expected in the target volume and 0 % in
ice. If, additionally, the location of the target is not accurately
known, then the SNMR estimate of the volume will be biased
by the inhomogeneity of the sensitivity.
3-D-SNMR inversion uses regularization based on the
smoothness constraint, which allows obtaining a stable so-
lution, but may not be justified for the strongly heteroge-
neous water distribution in a glacier. Our numerical exper-
iments consisted of the inversion of 3-D targets of different
size and location; this provided the approximate location of
the initial model, but in small targets the water volume may
be overestimated up to twofold. We explain this by the reg-
ularization effect, as the inversion result is an image that re-
sults from a trade-off between the misfit and the smoothness
constraint. Misfit is directly linked to water volume through
the integral equation, but the smoothness constraint repre-
sents an assumption on the solution shape and physically is
not linked to water volume. For example, if a cell produces a
small signal, then the volume of water in this cell will have
a small effect on the misfit. However, the smoothness con-
straint will attribute to this cell a water content equal to that
in the neighboring cells, thus increasing the volume estimate,
which is not justified by the data.
To cope with this heterogeneous SNMR sensitivity in the
measuring setup and a limited resolution of the 3-D-SNMR
inversion, we developed an interpretation approach based on
a learning procedure. As a learning procedure, we simulated
numerical models of different size and location using mea-
suring conditions corresponding to a field survey. Interpreta-
tion of the synthetic and experimental data was carried out
in two steps: a smooth inversion with the regularization fol-
lowed by forward modeling. First, smooth 3-D inversion pro-
vided an approximate volume and location of water in the
www.the-cryosphere.net/8/155/2014/ The Cryosphere, 8, 155–166, 2014
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Fig. 6. Amplitude of the SNMR signal vs. pulse moment measured
with loop no. 1. Circles show the amplitude measured in 2009 when
the cavern was undisturbed by pumping (V = 53 500 m3), crosses
correspond to 2011 data (V = 18 500 m3) and squares are 2012
measurements (V = 11 200 m3). Triangles show measurements of
the ambient electromagnetic noise.
glacier without any prior knowledge of the solution. After
that, the obtained image of the water distribution was approx-
imated by a model consisting of several boxes. The number,
location and water content in each box were selected so that
the computed theoretical signal would fit the experimental
data. For estimating the minimum and maximum possible
amounts of water that can explain the measured signals, we
used models with water located in areas with high and low
sensitivities of the SNMR loops. Below, we discuss that this
expert approach produced good results when applied to in-
vestigations of the Tête Rousse glacier.
5 Experimental results
Nine loops were used between 2009 and 2011 (Fig. 2; black
squares) and three additional loops were added for sur-
veys carried out in 2012 (red squares). We used NUMISplus
equipment manufactured by IRIS Instruments (France).
Data processing and 3-D inversion were done with the
SAMOVAR-11x4 software package developed at the Institut
de Recherche pour le Développement (IRD, France).
5.1 3-D-SNMR measurements
Figure 2 shows the location of the central cavern as a hor-
izontal slice at an elevation of 3124 m, corresponding to a
depth of 46 m below the glacier surface. Note that the av-
erage water content given by 3-D-SNMR inversion is 40 %
instead of the 100 % expected for bulk water in the cavern.
This discrepancy can be explained by the limited resolution
of magnetic resonance imaging, which shows an area larger
than the true cavern with a water content averaged over this
larger area. The water reservoir may also have a complex ge-
ometry unresolved by the inversion.
Fig. 7. 3-D-SNMR water volume estimated before each pumping
against the water volume extracted by pumping.
Figure 6 shows the amplitude of the SNMR signal vs.
pulse moment, measured with loop no. 1 located over the
central cavern (see Fig. 2 for location). The measurements
were carried out at different periods, when the cavern con-
tained different volumes of accumulated water. In all three
cases, the measured SNMR signal was significantly larger
than the ambient electromagnetic noise. The smaller signal
thus corresponds to smaller volumes of water, which demon-
strates the sensitivity of the method to water-volume varia-
tions.
5.2 Water volume estimate
Between 2010 and 2012, the central cavern was drained three
times, and once we conducted 3-D-SNMR measurements
during such pumping. A 3-D-SNMR survey carried out in
June 2010 did not detect any changes in the water distribu-
tion between September 2009 and June 2010, and we assume
that the 3-D-SNMR results obtained in 2009 can be com-
pared with the pumping results obtained in 2010. Thus, we
have four points for comparing 3-D-SNMR estimates of the
water volume and the volume extracted by pumping from
this cavern. A summary of the measurements of the water
volume accumulated in the central cavern using 3-D-SNMR
and pumping is presented in Table 1. Figure 7 shows a good
correlation (dashed line) between the water volume estimated
by 3-D-SNMR and that extracted by pumping.
Further comparison with the pumping data shows that 3-
D-SNMR consistently overestimated the volume of water
relative to that extracted by pumping. The average discrep-
ancy between 3-D-SNMR and pumping was calculated as
approximately 3100 m3. At least some part of this volume
can be attributed to residual water remaining in the glacier
after pumping, because technically it is impossible to extract
all the water. Moreover, water in hydraulically disconnected
caverns and channels contributes to the SNMR signal, but
cannot be pumped out. It is also known that the water con-
tent in temperate ice usually varies between 0.7 and 2.5 %
(Lliboutry, 1976; Bradford et al., 2009) and may be as high
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Table 1. Summary of measurements of the water volume accumulated in the central cavern using 3-D-SNMR and pumping.
Action Schedule
5 – 26/08 – 25 – 28/09 – 3 – 22 – 26/09 – 22 – 14 – 24/09 –
16/09/2009 15/10/2010 28/09/2010 15/10/2010 9/06/2011 24/09/2011 9/10/2011 24/06/2012 22/08/2012 8/10/2012
3-D-SNMR 53 500 19 500 7000 18 500 8500 11 200
volume (m3)
Pumped 47 728 17 362 16 162 8904
volume (m3)
Discrepancy 5572 2138 2338 2296
(m3)
Discrepancy 10.8 11 12.6 20.5
(%)
as 9 % (Pettersson et al., 2004). This water will increase the
SNMR signal, but only part of it can be pumped out.
The location of the temperate ice in the Tête Rousse
glacier was approximately known (Gilbert et al., 2012; Vin-
cent et al., 2012b) and we estimated its potential water vol-
ume by performing SNMR measurements outside the cavern
location. Our estimate showed not more than 2 % of water in
temperate ice. More accurate estimates were limited by the
insufficient signal-to-noise ratio for small water contents. To
this end, for areas occupied by temperate ice we added 2 %
water content to the model of the water-filled cavern in the
glacier body. Modeling results showed that up to 2000 m3 of
the water volume measured by 3-D-SNMR may represent the
contribution of water in temperate ice. However, the pump-
ing operations took 44 days in 2010, 13 days in 2011 and
17 days in 2012, during which the cavern was continuously
recharged. The recharge rate was unknown, but as snow melt
on the Tête Rousse glacier in September/October is minimal,
the recharge can be assumed to be slightly higher than in
winter (20 to 30 m3 d−1). Therefore, an additional water vol-
ume of 250 to 1200 m3 was expected in the cavern; this con-
tributed to the pumping results, but could not be taken into
account by the 3-D-SNMR estimate. All these processes are
difficult to quantify, but they cause additional inaccuracy of
the volume estimates made by both 3-D-SNMR and pump-
ing.
5.3 Monitoring
Twice a year, we carried out magnetic resonance measure-
ments that allowed imaging about 75 % of the glacier body.
Each 3-D-SNMR campaign provided a water distribution
within the glacier and an estimate of the water volume. Mea-
surements were made in early June, after winter recharge,
and in September after the summer recharge.
The central cavern, discovered in 2009, was the starting
point of our monitoring. The 3-D image of the cavern pre-
sented in Fig. 8 consists of horizontal slices of the water con-
tent at different altitudes, showing the cavern location within
the glacier. The repeated 3-D-SNMR measurements pro-
vided time-lapse images of the cavern. For example, Fig. 8
Fig. 8. 3-D-SNMR image of the water-filled cavern observed in
September 2009 and shown as slices at different altitudes.
shows the undisturbed cavern observed in 2009 and Fig. 9
shows the same cavern imaged in 2011 after one draining-
and-refilling cycle. Comparison of these images shows that
the cavern remained in the same place, but that the drain-
ing caused changes in the cavern geometry and in the water-
content distribution. In 2011, the maximum water content
was estimated at 15 % instead of the 40 % observed in 2009,
pointing to a smaller cavity and a smaller volume of water in
the cavern in 2011.
To compare SNMR and pumping results, a 3-D-SNMR
image can be transformed into a 1-D plot of the water vol-
ume per unit depth for different elevations. For this, we per-
formed integration in the x and y directions of the 3-D wa-
ter distribution w(r) provided by inversion. The 3-D-SNMR
and pumping results obtained between 2009 and 2012 are
shown in Figs. 10 and 11. In Fig. 10, the volume of accumu-
lated water derived from the 3-D-SNMR results is plotted vs.
depth and is compared with the volume of water extracted by
pumping. We observe a generally good correspondence be-
tween SNMR and pumping data for the depth interval corre-
sponding to the main cavern volume. However, at the bottom
of the cavern, the correlation is not as good as for the shal-
low part, because of a more complex geometry of the deeper
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Fig. 9. 3-D-SNMR image of the water-filled cavern observed in
September 2011 and shown as slices at different altitudes.
Fig. 10. Accumulated water volume vs. depth extracted by pumping
(solid line) and water volume estimated with 3-D-SNMR (dashed
line): (a) August–October 2010; (b) September–October 2011;
(c) August 2012.
part of the cavern where 3-D-SNMR tends to overestimate
the water volume due to processes discussed in Sect. 5.2.
When the cavern was larger (2009 to 2011), the correlation
was better than in 2012, probably because the cavern geom-
etry became more complex after the first drainage. Figure 11
shows the water volume per unit depth vs. depth derived from
3-D-SNMR and pumping results, which are derivatives of
the functions shown in Fig. 10. The correlation is generally
good, but the rapid variations in extracted volume, observed
by pumping, were not resolved by the 3-D-SNMR inversion.
Figure 11 clearly shows that the main reservoir discovered
in 2009 was located below 3125 m and that it became sig-
nificantly smaller after the first draining–refilling cycle. In
2012, water was only observed above 3125 m. A summary
of the water-volume monitoring is shown in Table 2.
5.4 Recharge of the central cavern
During our monitoring, the cavern was continuously
recharged. The results of water-volume measurements are
shown in Fig. 12, indicating that the water volume in the fully
recharged cavern was reduced after each draining–refilling
cycle. In one year, the cavern lost about 65 % of its vol-
Fig. 11. Water volume per unit depth extracted from different
depth intervals (solid line) and water volume per unit depth es-
timated with the 3-D-SNMR (dashed line): (a) August–October
2010; (b) September–October 2011; (c) August 2012.
Fig. 12. Monitoring of the water volume accumulated in the cen-
tral part of the Tête Rousse glacier between 2009 and 2012. Black
squares show the volume after full recharge.
ume, and after two years it was reduced by about 73 %. Note
that in Tables 1 and 2 the water volume observed in 2012
(11 200 m3) corresponds only to water in the central cavern
that was drained, thus allowing comparison between 3-D-
SNMR and pumping. In Fig. 12, however, we consider all
water observed in the glacier (14 500 m3), including 3300 m3
in a small cavern, which was imaged but not affected by
pumping.
For estimating the recharge rate, we used the 3-D-SNMR
estimates of water volume. Regular magnetic resonance mea-
surements were made in early June for estimating the winter
recharge rate, and in August or September for estimating the
summer recharge rate. The average recharge rate was esti-
mated as
Qn = (Vn+1 −Vn)/(tn+1 − tn), (12)
where Vn is the water volume in the cavern corresponding to
the nth measurement, tn is time, and n= 0,1,2, ..,N .
The average recharge rate observed between 2010 and
2012 is shown in Fig. 13. The summer recharge rate was
estimated to be between 120 and 180 m3 d−1, and recharge
continued throughout the winter at an average rate of 20 to
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Table 2. Summary of the 3-D-SNMR and pumping estimates of the changes in water volume in the central cavern caused by drainage.
Evolution of the volume was estimated relative to the initial volume observed in 2010.
Method Depth interval 2010 2011 2012 Evolution Evolution
(m) (m3) (m3) (m3) 2010–2011 2011–2012
(%) (%)
Pumping 3170–3125 13 617 13 663 8464 0.3 −38.2
3125–3095 34 111 2499 440 −92.7 −6.0
3170–3095 47 728 16 162 8904 −66.1 −15.2
3-D-SNMR 3170–3125 10 600 11 700 10 800 10.4 −8.5
3125–3095 42 900 6800 400 −84.1 −14.9
3170–3095 53 500 18 500 11 200 −65.4 −13.6
Fig. 13. Estimated average recharge rate of the cavern in the Tête
Rousse glacier for the period between 15 October 2010 and 1 Au-
gust 2012.
25 m3 d−1. We calculated the latter by considering the vol-
ume of residual water left in the cavern after pumping, which
was estimated as the difference between the water volume
given by 3-D-SNMR before pumping and the volume of wa-
ter extracted by pumping (Table 1).
To explain such winter recharge, when no melting occurs
at the glacier surface and only solid precipitation exists at
this altitude, we looked for a water reservoir located at a
higher elevation than the central cavern where water was not
expected before. To that end, the measuring setup was ex-
tended towards the eastern part of the glacier (see Fig. 2 for
location). The 3-D-SNMR image of the glacier obtained in
2012 using the additional loops (Fig. 14) in fact showed two
distant reservoirs. Figure 14 shows water distribution starting
from 3120 m because no water was observed below. The cen-
tral reservoir is the cavern discovered in 2009; this became
smaller and shallower in comparison with previous years,
and its maximum water content was only 5 % instead of the
15 % observed in 2011 and the 40 % in 2009. The glacier sur-
face was about 3173 m high at 948 000◦ E, thus showing that
the central cavern was extended to the glacier surface (con-
firmed by boreholes). The second (upper) cavern is located
at about 150–200 m east of the central cavern, at a higher
elevation and in a dangerous area with difficult access. For
this reason, accurate 3-D-SNMR imaging of this cavern was
not possible in 2012. The 3-D-SNMR estimate of the water
volume in the upper cavern suggests over 5000 m3, but this
preliminary result requires further investigation. To verify the
existence of a possible high-yield hydraulic link between the
two caverns (tunnel or large channel), we took magnetic res-
onance measurements over the upper cavern before and im-
mediately after draining of the central cavern, which showed
that the 3-D-SNMR signal generated by water in the upper
cavern did not change. This observation confirms that, if the
pumping affected the upper cavern, this was below the detec-
tion threshold of the instrument.
6 Discussion
The annual drainage of a large cavern in the central part of the
Tête Rousse glacier caused evolutionary rather than revolu-
tionary changes in ice-cavern geometry, providing us with a
rare opportunity of studying the glacier’s transitional regime
imposed by pumping. Tête Rousse thus is a real-scale physi-
cal model of a polythermal glacier, providing useful data that
contribute to a better understanding of the different processes
taking place in this type of glacier.
The use of 3-D-SNMR allowed quantifying the tempo-
ral and spatial changes in water distribution caused by the
annual draining of a water-filled cavern. During our experi-
ments, we confirmed that the 3-D-SNMR method is reliable
and cost-effective compared to drilling and pumping for in-
vestigating water in a glacier. Unambiguous identification of
liquid water in ice, localization of water-storage areas, and
the possibility of estimating the water volume stored in a
glacier are three advantages of 3-D-SNMR compared with
traditional geophysical methods. In a highly heterogeneous
environment, non-invasive imaging of a large area allows vi-
sualizing the entire glacier, which is a competitive advan-
tage of 3-D-SNMR over drilling. Indeed, not all boreholes
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Fig. 14. 3-D-SNMR image of the water-filled cavern observed in
October 2012 and shown as slices at different altitudes.
may be representative, and the need to drill many holes ren-
ders the fieldwork longer and more expensive (Gordon et al.,
2001). Applied under glacier conditions, pumping may cause
changes in the internal structure of the investigated glacier,
but 3-D-SNMR is a non-destructive method. However, 3-
D-SNMR and pumping are complementary techniques that
provide close, but different, visions of glacier hydrology. For
example, 3-D-SNMR detects and visualizes water, regardless
of whether or not a hydraulic link exists between different ar-
eas, but pumping may provide information on the hydraulic
connection of different reservoirs.
Figure 14 shows that water in the Tête Rousse glacier ac-
cumulated in two separate reservoirs (central and upper cav-
erns). The upper cavern would be preferentially recharged by
melt water, but the central cavern may accumulate both sur-
face and englacial water with corresponding refilling rates.
Our results show that a large tunnel does not directly connect
these two caverns, but that water may flow from the upper
cavern through a subglacial drainage system and probably
through subglacial sediment with a relatively low hydraulic
conductivity. This slow drainage would explain the observed
continuous recharge of the central cavern during the winter
months. In summer, higher water fluxes may cause a higher
hydraulic conductivity of the englacial channels (Raymond et
al., 1995; Hubbard et al., 1995), as well as more water flow
on the ice surface. Such increased water circulation may ex-
plain the higher summer-recharge rate observed during our
monitoring. However, the subglacial drainage system in the
Tête Rousse glacier is still not well known, and different
drainage mechanisms typical for a polythermal glacier may
coexist (Fountain and Walder, 1998).
The possibility of cavern-roof collapse during pumping
was not excluded (Gagliardini et al., 2011). For security rea-
sons, the glacier surface was under direct observation and
small movements were continuously monitored with a dif-
ferential GPS. In July 2012, a large crevasse appeared and
ice deformation became visible on the surface over the cav-
ern location, indicating that the latter caused this deforma-
tion. Monitoring of water accumulated in the glacier showed
that, before 2012, each pumping event caused the volume
of water in the central cavern to diminish. Both 3-D-SNMR
and pumping results reveal that in one year (2010–2011) the
cavern lost about 90 % of the volume in its deeper part be-
low 3125 m (Table 2). The relatively rapid rate of temperate
ice deformation may explain these observations. For exam-
ple, Reynaud (1987) observed a 60 % reduction in inactive,
englacial conduit at depths of about 100 m over a 20-day pe-
riod. In addition, it cannot be excluded that part of the re-
duced volume of accumulated water may be attributed to air
pockets in drained and refilled voids within the ice body.
Despite the new knowledge about the Tête Rousse glacier
that has been acquired over the past three years, we still
have an incomplete understanding of the glacial-hydrological
processes and of glacier-ice dynamics. For example, while
a cold-ice barrier may explain the formation of the central
cavern, the existence of the upper cavern was not expected.
We hope to continue our monitoring, leading to the pre-
cise location and size of the upper cavern that will com-
plete our understanding of the glacier structure, and of the
ice-deformation processes taking place in the glacier.
7 Conclusions
Imaging of the water distribution in the Tête Rousse glacier
showed two main water-storage areas and allowed esti-
mating the volume of accumulated water. Continuous cav-
ern recharge occurs both in summer and during the winter
months. The summer recharge rate was estimated to be six
to eight times higher than the winter one. Our monitoring re-
sults revealed significant changes in the internal glacier struc-
ture, caused by the artificial drainage. In one year, the cavern
lost about 65 % (30 000 m3) of its initial volume, which was
explained by creep deformation of the surrounding ice after
draining and the probably formation of air pockets within the
ice. These observations provide useful information to deci-
sion makers for developing protection measures minimizing
the risk of a catastrophic flood from the glacier.
For this study, we used a newly developed 3-D-SNMR
imaging method that allowed visualizing the englacial wa-
ter and estimating the volume of water accumulated within
the Tête Rousse glacier. The 3-D-SNMR results were found
to be in a good agreement with pumping results and other ob-
servations, thus confirming the high reliability and efficiency
of 3-D-SNMR imaging. As far as we know, this is the first
report of applying large-scale magnetic resonance imaging
to monitoring water accumulation in a glacier.
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